1. Introduction {#sec1}
===============

The studies of interactions between proteins and metallic surfaces have had a positive impact on several biological, sensor, and applied biotechnological areas. For example, the study of protein adsorption on solid electrodes and its interaction with the surrounding medium is fundamental for the development of biosensors, medical implants, drug delivery systems, and switchable membranes, among others.^[@ref1]−[@ref8]^ The adsorption of proteins on metallic surfaces depends on several physical and chemical aspects, such as protein concentration, pH, salt concentration, and ionic strength of the medium, surface charge of the substrate, isoelectric point, and electrostatic interaction at the protein/metal interface. Surface plasmon resonance (SPR) and ellipsometry are techniques that have been used to characterize protein adsorption on metallic surfaces and its interactions with the medium.^[@ref2],[@ref9]^ However, electrochemical techniques are adequate and highly sensitive for successfully evaluating not only the protein adsorption--desorption process on electrodes but also its possible denaturation at the surface. Techniques such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), along with electrochemical quartz crystal micro- and nanobalance and double-layer capacitance measurements, have been applied to the study of adsorption--desorption processes of proteins and emulsions on metallic electrodes.^[@ref9]−[@ref16]^ According to the results, where bovine serum albumin (BSA) and human serum albumin have been the most studied proteins, the electrochemical techniques adequately demonstrate the adsorption--desorption process as a function of protein concentration, substrate charge, pH, and polarization potentials, allowing studies in the presence and absence of charge transfer. The versatility of the electrochemical techniques and the information acquired in the study of protein adsorption has increased their application, and thus, they are currently preferred over optical techniques for many researchers.^[@ref11]^

Beyond the knowledge of the adsorption--desorption process of proteins, the scientific community is now interested in the interactions between proteins and other molecules, such as polymers and copolymers and biomolecules, such as polysaccharides. The main advances in this topic are focused on the interactions between triblock copolymers and proteins.^[@ref17]−[@ref20]^ The interest in these kinds of interactions is due to the biocompatibility of the formed molecules, the acquired capacity to form micelles at low concentrations, and the increased facility to penetrate into cellular membranes, allowing drug deliveries^[@ref19],[@ref20]^ as well as possibilities in design for either biomaterials or biosensor surfaces.^[@ref21]−[@ref24]^ The use of measurements such as conductivity, UV--Vis spectrophotometry, electron paramagnetic resonance and SPR has been commonly applied to characterize the interactions between proteins and triblock copolymers.^[@ref17]−[@ref20]^ According to the literature, proteins and triblock copolymers interact either by electrostatic or hydrophobic effects. These effects modify the physical and chemical properties of both molecules. However, as reported in the literature,^[@ref25]^ although the ability of triblock copolymers to reduce protein adsorption is known, the detailed procedure involved in this phenomenon has not yet been clarified. Other interesting studies are those concerning polymers blends such as miscible homopolymer--copolymer pair.^[@ref26]−[@ref29]^ In those studies, the miscibility in polymer--polymer systems is studied using calorimetric techniques and thermogravimetric analysis.

It should be noted that electrochemical studies concerning these interactions are scarcer and the most common imply the adsorption of the triblock copolymers or the proteins in an isolated manner.^[@ref9]−[@ref16],[@ref24],[@ref25]^ The aim of this work is to study the triblock copolymer--protein--electrode interactions from the fundamental point of view of double-layer capacitance as calculated from EIS measurements and to obtain information about the behavior and apparent size of the interface formed by the adsorbed species on a gold disc electrode at different temperatures. The information obtained from this study is important in sensor and bio-surface design based on the detection of protein liberation or a reduced protein adsorption process in micelles. These processes can be sensed through the double-layer capacitance variations analytically measured by the abovementioned technique as a temperature function. Thus, the effect of the temperature could be evaluated avoiding the use of calorimeters.

The protein and copolymer studied are BSA and Pluronic P103, respectively. The Pluronic P103 triblock copolymer is formed with sequential blocks of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) in the form of PEO-PPO-PEO with the structure of PEO~17~PPO~60~PEO~17~.^[@ref24],[@ref25]^ P103 was chosen due to its low toxicity, biodegradability, and tendency to form micelles in the range of 0.2--1 wt %. These properties make it an excellent vehicle for drug delivery.^[@ref20]^ On the other hand, BSA was selected because it is a model globular protein, and several sources of information concerning its adsorption on metallic surfaces are available.^[@ref18]^

The study is focused on evaluating the double-layer capacitance as a function of the polarization potentials at 25, 30, and 40 °C for three systems: (i) pure P103 (0.6 wt %, corresponding to 6 g L^--1^), (ii) pure BSA (3 mg mL^--1^), and iii) mixtures of P103-BSA (0.6 wt % and 3 mg mL^--1^, respectively). Well-defined changes in the double-layer capacitance values of each system are highly desirable to show evidence of modifications at the interface associated with the interaction of each one of the studied species. The interest of this study is focused on the polarization potential effect in the selective adsorption of both molecules as well as the interface thickness. However, particular emphasis is placed in the polarization range in which BSA protein is not denaturalized, which implies the absence of charge transfer and is a state ensured at the open-circuit potential. Furthermore, the potential of zero charge, obtained from the double-layer capacitance curves, is presented and analyzed through the classical electrochemical double-layer theory. Thus, the favorable polarization range where the adsorption and interaction of each studied species is shown. The calculation of the apparent interface thickness as a function of the polarization potential at constant temperature is also shown. For all the studied systems, cyclic voltammetry at a wide polarization potential range is presented to complement the information. In a further work, a thermodynamic analysis will be presented.

A deep discussion about the results and their application to sensing proteins and triblock copolymers is presented.

2. Materials and Methods {#sec2}
========================

2.1. Materials and Solutions {#sec2.1}
----------------------------

Pluronic P103 (average molecular weight, 4950 g mol^--1^) was obtained from BASF, and BSA protein (average molecular weight, 66,430 g mol^--1^) was acquired from Sigma-Aldrich. Both reagents were used as received. A 0.1 M phosphate buffer solution (PBS), containing 8 g L^--1^ NaCl, 0.2 g L^--1^ KCl, 2.68 g L^--1^ Na~2~HPO~4~·5H~2~O, and 0.216 g L^--1^ NaH~2~PO~4~ was used to maintain each studied solution at a pH of 7.2--7.4. The above PBS solution was used to prepare three different solutions: (i) pure P103 (0.6 wt %, corresponding to 6 g L^--1^), (ii) pure BSA (3 mg mL^--1^), and (iii) mixtures of P103-BSA (0.6 wt % and 3 mg mL^--1^, respectively). The selected BSA concentration was in the range typically studied in other works,^[@ref18]^ while the P103 concentration was selected to ensure a micellar structure.^[@ref20]^

A scheme of the solution preparation is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. All solutions were prepared with HPLC grade water.

![Solution preparation: schematic representation.](ao0c01704_0001){#fig1}

2.2. Electrochemical Measurements {#sec2.2}
---------------------------------

A typical three-electrode cell was used. The working electrode was a gold disc electrode (2 mm in diameter, 0.031 cm^2^), a platinum electrode was used as the counter electrode, and a saturated calomel electrode (SCE) was used as the reference electrode. Before any experiment, the working electrode was first polished with an alumina slurry of 0.5 μm, rinsed with distilled water, and dried with compressed air.

The electrochemical response of P103 and BSA pure solutions and P103-BSA solutions in PBS medium was acquired first by CV and then by EIS at the concentrations cited above. The experiments were performed at 25, 30, and 40 °C.

The CV measurements were obtained in the potential range of −1 to 1 V vs SCE at 100 mV/s in 0.1 M PBS. Two different kinds of EIS experiments were carried out. The first experiments were performed at the open-circuit potential (OCP). A potential perturbation amplitude of 10 mV and a frequency range of 10 kHz to 1 mHz were applied. Seven points per logarithmic decade were taken.

The double-layer capacitance response as a function of the polarization potential was obtained from another set of EIS experiments performed at 100 Hz and 10 mV of amplitude (these kinds of experiments are also known as AC voltammetry). The same polarization range used in the CV was used for the EIS measurements, but a sweep of 1 mV/s was employed to ensure the quasi-steady state of the system. The double-layer capacitance vs polarization potential curves were computed from the imaginary part of these impedance measurements.

All measurements were carried out using an Autolab potentiostat (PGSTAT 128N).

3. Results and Discussion {#sec3}
=========================

3.1. Voltammetry Characterization Experiments {#sec3.1}
---------------------------------------------

First, the electrochemical response was examined through the voltammetric profiles of the gold electrode immersed in pure 0.1 M PBS, BSA, and P103 pure solutions; subsequently, the electrochemical response of the mixture of P103-BSA in PBS medium was analyzed. The typical voltammetric responses of each of the studied solutions are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Typical voltammetric responses for (a) Au/PBS, (b) Au/BSA, (c) Au/P103, and (d) Au/P103-BSA (P103 0.6 wt %, BSA 3 mg mL^--1^). Black, blue, and red lines for 25, 30, and 40 °C, respectively.](ao0c01704_0002){#fig2}

Since the interaction of P103 and BSA molecules and their adsorption onto gold electrodes in natural conditions imply the absence of any faradaic process, the analysis of the voltammetric responses is centered in the polarization potential interval where the interface behaves as ideally polarizable. As seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the voltammetric response for a pure PBS solution shows that, in a polarization potential range from −0.6 to 0.1 V vs SCE, the faradaic process is absent at the interface.

In a polarization potential range from 0.1 to 0.4 V vs SCE, the faradaic current observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a can be associated with a slight oxidation--reduction of phosphate ions, while from 0.4 to 1 V vs SCE, the faradaic current response is associated with the electrochemical response of the gold electrode.^[@ref31]^ On the other hand, as observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d, the interface remains similar to that observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. However, some appreciable changes in the current magnitude are detected. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b reveals that BSA at 3 mg mL^--1^ strongly enhances the oxidation, dissolution, and reduction processes of the gold substrate and thus modifies the polarization potential range at which that process occurs. This behavior is more evident at 25 and 30 °C. Conversely, when 0.6 wt % P103 is present in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, the current associated with the electrochemical process of the gold substrate decreases, and a small cathodic peak, associated with some P103 reduction, is observed at approximately 0.75 V vs SCE. This reduction peak can be associated with the reduction of PEO, as has been previously evidenced.^[@ref30]^ Furthermore, the presence of P103 inhibits the oxidation--reduction process of phosphate ions observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. Nevertheless, when BSA interacts with P103, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, the polarization range where the interface does not present any charge transfer increases, revealing that the mixture of P103-BSA remains stable in the polarization interval from −0.75 to 0.2 V vs SCE.

3.2. EIS and Electrochemical Double-Layer Capacitance Curves {#sec3.2}
------------------------------------------------------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the response obtained from the first set of EIS experiments. As observed at all temperatures, the typical Nyquist diagrams depict the beginning of a large capacitive loop for the three systems studied. This behavior is consistent with the OCP experimental condition corresponding to null current flowing through the interface.

![Nyquist diagrams obtained at the OCP for (a) Au/PBS, (b) Au/BSA, (c) Au/ P103, and (d) Au/P103-BSA (P103 0.6 wt %, BSA 3 mg mL^--1^). Black, blue, and red lines for 25, 30, and 40 °C, respectively.](ao0c01704_0003){#fig3}

The impedance responses show a non-ideal double-layer capacitance behavior associated with the electrochemical double-layer rearrangements, which are clearly sensitive to the presence of BSA and P103 in a pure solution and the interaction of P103-BSA molecules, as depicted by the frequency impedance distribution observed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d.

More detailed information concerning the interaction between the adsorbate and substrate and its associated response to the electrochemical double layer is acquired through the double-layer capacitance curves calculated using the second set of EIS measurements. In these curves, the effect of the polarization potential on the double-layer capacitance is shown, and the polarization range where the adsorption and interaction between the substrate and adsorbate are enhanced or inhibited is determined. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--d shows the double-layer capacitance *C* for pure 0.1 M PBS, BSA at 3 mg mL^--1^, 0.6 wt % P103, and P103-BSA solution at the cited concentrations in PBS medium, respectively. The effect of a wide polarization range at the three studied temperatures is demonstrated.

![Double-layer capacitance curves for (a) Au/PBS, (b) Au/BSA, (c) Au/ P103, and (d) Au/P103-BSA (P103 0.6 wt %, BSA 3 mg mL^--1^). Black, blue, and red lines for 25, 30, and 40 °C, respectively.](ao0c01704_0004){#fig4}

An analysis of the double-layer capacitance curves allowed the potential of zero charge (PZC) for each one of the interfaces to be obtained. Based on the classical capacitance double-layer theory, the PZC is located between two maxima.^[@ref32],[@ref33]^ For a capacitive process, the double-layer capacitance reaches its minimum in a polarization potential range where faradaic reactions are negligible. This polarization range was previously determined by CV. It should be noted that, when [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows at least two local minima for each system, the one observed at positive potentials is related to the changes of the interface due to the faradaic process associated with either the PBS, BSA, or P103 compounds or oxidation of the gold substrate. The above results can also be observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--d. Thus, the PZC for each of the interfaces studied is located at negative polarization potentials, and the following discussion concerns this polarization zone.

The Au/PBS interface ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) presents its PZC at approximately −0.55 V vs SCE. The PZC is clearly observed by a broad minimum that slightly varies as a function of temperature. The temperature effect is more clearly evidenced in the interfacial double-layer capacitance values, where the lowest values are reached at 30 °C (blue line), while the highest values are obtained at 25 ° C (black line). In agreement with [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and according to the double-layer capacitance theory,^[@ref32],[@ref33]^ for polarization potentials more positive than PZC, −0.55 V vs SCE, the working electrode possesses a positive charge, and subsequently, the phosphate ions are adsorbed onto its surface until the polarization potential reaches 0.15 V vs SCE. At this polarization potential, a maximum in the double-layer capacitance curve defines the end of the capacitive response, and the beginning of faradaic effects on the double-layer capacitance behavior begins.

According to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the interface changes its capacitive behavior in the presence of BSA solution in PBS medium. The double-layer capacitance curves show that the PZC strongly depends on both the temperature and polarization potential. In this way, a very well-defined minimum at approximately −0.6 V vs SCE. is obtained at 30 and 40 °C (blue and red lines, respectively), while at 25 °C (black line), a wide polarization zone achieves lower values for the double-layer capacitance, reaching its minimum value at approximately −0.4 V vs SCE. It should be noted that, regardless of the temperature effect, in all cases, the electrode has a negative charge at more negative potentials than each of the PZCs found in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The adsorption of BSA on the gold electrode will depend on both the substrate and the BSA charge. The charge of the BSA molecule is influenced by the pH of the medium. Since BSA possesses an isoelectric point at a pH of 4.7,^[@ref34]^ it will present a positive charge at the pH used in this work. Then, the adsorption of BSA is favorable at more negative polarization potentials than the observed PZC for the Au/BSA interface. Taking this into account and according to the PZC obtained in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b at 25 °C, a competitive adsorption of phosphate ions and the BSA protein is presented in a polarization range from −0.4 to −0.55 V vs SCE, while at more negative potentials, only the protein adsorption is greater. Competitive adsorption is not present at the highest temperatures (30 and 40 °C), where only the adsorption of the protein is favorable at more negative polarization potentials than the PZC.

On the other hand, in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, at 30 and 40 °C, in addition to the polarization zone in which the interface gets its PZC, the capacitance curves depict a shoulder at −0.3 V vs SCE. This behavior has also been observed in other interfaces,^[@ref33],[@ref35]^ and as observed in those interfaces, the shoulder is related to a relaxation and rearrangement of the interface, which in turn could imply the desorption of the protein caused by the positive charge at the electrode and the adsorption process of the phosphate ions. These processes change the behavior of the interface and modify the double-layer capacitance response, causing the feature response observed in the curve.

The changes in the double-layer capacitance response as a function of the temperature are almost negligible when a pure P103 solution in PBS medium is studied, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. As observed, the double-layer capacitance does not show any minima but instead exhibits a polarization zone from −0.6 to 0.1 V vs SCE, where the capacitance curves present the typical "pit" associated with the adsorption of neutral molecules such as triblock copolymers.^[@ref33],[@ref36],[@ref37]^ In this polarization range, the adsorption of P103 is favorable. Furthermore, since the P103 is in PBS medium, it should be highlighted that, according to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, phosphate ions should also be adsorbed in a polarization range from −0.55 to 0.15 V vs SCE. However, according to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, P103 adsorption prevails.

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the behavior of the studied interfaces and presents the polarization range in which adsorptions are favorable.

###### Summary of the Double-Layer and Adsorption Properties for Au/PBS, Au/BSA, and Au/P103 Interfaces (P103 0.6 wt %, BSA 3 mg mL^--1^)

  interface                 adsorbate, charge      PZC                      favorable adsorption                           observations                                        
  ------------------------- ---------------------- ------------------------ ---------------------------------------------- --------------------------------------------------- --------------------------------------------------------
  Au/PBS                    phosphates, negative   --0.55 V                 0.15 V \> *E* \> −0.55 V at all temperatures   adsorption of phosphates                            
  Au/BSA (in PBS medium)    protein, positive      25 °C                    --0.4 V                                        --0.4 V \> *E* \> −1 V                              phosphates and protein adsorption from −0.4 to −0.55 V
  30 °C                     --0.6 V                --0.6 V \> *E* \> −1 V   protein adsorption                                                                                 
  40 °C                     --0.6 V                --0.6 V \> *E* \> −1 V   protein adsorption                                                                                 
  Au/P103 (in PBS medium)   P103, neutral                                   0.1 V \> *E* \> −0.6 V at all temperatures     capacitive pit, adsorption of P103 and phosphates   

On the other hand, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d presents the modification of the double-layer capacitance when the gold electrode is immersed in the P103-BSA in PBS medium. In this case, the behavior of the capacitance curves depicts a similar behavior to that observed for a solution of PBS containing only the protein ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b); however, more pronounced changes in the double-layer capacitance values are observed in a polarization potential range between −0.8 and 0.18 V vs SCE. Furthermore, the minimum associated with the PZC is slightly different from that observed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, reaching a polarization potential ranging from −0.56 to −0.5 V vs SCE, depending on the temperature. The similarity in the capacitance curve profiles observed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,d is more evident at the highest temperatures (blue and red lines), while at 25 °C (black line), the shape of the capacitance curve reaches lower values in a narrower polarization zone (−0.5 V vs SCE) compared to the response obtained in the absence of P103. It should be noted that, in all the temperatures tested, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows a more pronounced shoulder compared to the one observed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. This pronounced shoulder is associated with a more prominent relaxation and rearrangement of the interface caused by the interactions between PBS, BSA, P103, and the electrode. According to [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and the PZC obtained in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, the interface relaxation and its rearrangements include the competitive adsorption of phosphate ions and P103 copolymer, along with BSA desorption.

The behavior of double-layer capacitance, observed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, is sensitive enough to detect the changes in the interphase induced by the presence of each species studied in an isolated manner and their interactions when all of them are added to the working solution.

The charge of the electrode and the preferential adsorption of certain adsorbates strongly depend on the polarization potential. Envisaging the utility of this study in the fields of biomedicine and bioengineering for the design of sensors, an analysis of the Au/P103-BSA interface at the open-circuit potential (OCP) is quite interesting. For the conditions presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, the OCP is approximately 0.14 V vs SCE. At this polarization potential, the electrode possesses a positive charge, and the desorption of BSA occurs. At the same time, the phosphates and neutral P103 polymer are at the polarization potential limit where their adsorption is electrostatically favorable but are tending to begin their desorption. If the interaction and adsorption of P103 and BSA is required, then a polarization potential more negative than OCP, which avoids the electrochemical denaturation of the protein, should be fixed for the electrode. For instance, at −0.6 V vs SCE, the adsorption of P103 and BSA as well as interactions among them is highly plausible. Additionally, according to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, at this polarization potential, no electrochemical reaction is affecting the protein. Thus, it is proven that well-defined changes in the double-layer capacitance values, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, allow sensing the adsorption/desorption process and qualitatively reveals interactions between the protein and the triblock copolymer.

3.3. Apparent Interface Thickness {#sec3.3}
---------------------------------

Even though the polarization potential and temperature are parameters that strongly modify the values of the double-layer capacitance as well as the substrate charge, other properties influence the double-layer structure, such as those inherent to the adsorbates, i.e., charge, structure, and conformation. These last properties are closely related to the interface thickness and its dielectric nature.

The simplest model of the electrochemical double-layer theory^[@ref33]^ establishes that the double-layer capacitance value *C* is inversely proportional to the interface thickness *d*, according to the following equation:where ε~0~ and ε are the permittivities of vacuum and the medium, respectively.

If the permittivity of the medium is known and the double-layer capacitance values are measured, as in this study, the interface thickness can be calculated. However, the permittivity value of the PBS/P103-BSA mixed medium has not been previously reported. The permittivities of some triblock copolymers and BSA have been studied independently, and the main results are known.^[@ref37]−[@ref40]^ It is well known that the dielectric constant of P103 strongly depends on its mass fraction %, reaching an average value of approximately 1.5 for P103 between zero and 50 wt %.^[@ref39]^ On the other hand, numerous values of the dielectric constant for BSA are reported without consensus.^[@ref41]^ It is accepted that the dielectric constant value of BSA depends on the frequency, hydration, temperature, and weight percentage. Dielectric values ranging from 4 to 70 are reported.^[@ref34]^ In general, the frequency dielectric dispersion of BSA is reported and related to its own protein relaxations, which are associated to its structure and sequence.^[@ref40],[@ref41]^

Thus, even when the interface thickness *d* cannot be calculated from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, the permittivity value for the mixed medium, PBS/P103-BSA, is required; the relation of ε~0~/*C*, which is known, can be calculated from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} to obtain the apparent interface thickness parameter *d*\*, as shown in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}:where *d*\* is the relation of the double-layer length and the variation of the medium permittivity. The value of *d*\* can bring some qualitative and indirect insight into the structure or conformation in which P103 and BSA interact and become adsorbed at the gold electrode. Similar approximations have been performed previously in other studies.^[@ref42]−[@ref44]^

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the variations of the apparent interface thickness *d*\* as a function of the polarization potential where faradaic reactions are absent. The effect of the three studied temperatures is presented. The apparent interface thickness is calculated by capacitance data shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the value of the permittivity of vacuum, and [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

![Apparent interface thickness as a function of polarization potentials for (a) Au/PBS, (b) Au/BSA, (c) Au/P103, and (d) Au/P103-BSA (P103 0.6 wt %, BSA 3 mg mL^--1^). The apparent interface thicknesses were calculated from [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. Black, blue, and red lines for 25, 30, and 40 °C, respectively.](ao0c01704_0005){#fig5}

As observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we can conclude that, at all the temperatures and for the whole polarization range, the apparent interface thickness reaches its greatest values when the gold electrode is immersed in pure PBS solution ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and suggests that the double-layer structure is not compact but diffuse.

The above finding is in good agreement with the well-known weak adsorption of phosphate ions, which are related to the ion size and solvation energies and are translated into a broad electrochemical double-layer structure, as concluded by Anson.^[@ref45]^ However, the structure of the electrochemical double layer, associated with *d*\*, is clearly modified when BSA and P103 are present. For instance, at approximately −0.6 V vs SCE, when adsorption of both BSA and P103 is favorable, the interface becomes more compact, reaching intermediate apparent thickness values for P103 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The thickness decreases in a more accentuated way when BSA and P103 are interacting ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d), and the electrochemical double layer reaches the most compact apparent thickness in the presence of BSA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The apparent thickness shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d at −0.6 V vs SCE could be presumably associated with the protein--P103 interaction as a global species; however, the acquisition of a particular conformation requires other studies*.*

The apparent thickness values and behavior obtained in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,d are similar. This behavior is also observed in the double-layer capacitance curves. The apparent thickness of the interface presents an appreciable change in its shape at a polarization of approximately −0.3 V vs SCE. This effect confirms the relaxation of the interface, which in turn can be associated with a change in the structure or conformation of the adsorbate.^[@ref33],[@ref35]^

On the other hand, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b--d, it is evident that increasing the temperature induces a decrease in the apparent thickness of the electrochemical double layer. Thus, the adsorption of proteins could be similarly seen as the adsorption of organic molecules on metal electrodes, where it causes a decrease in the double-layer capacitance values.^[@ref12],[@ref42]^

If the analysis is performed around 0.14 V vs SCE, corresponding to the OCP, it is possible to note from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d that the interface has lower apparent thickness values, reaching 17, 13, and 11 pm for 25 (black line), 30 (blue line), and 40 °C (red line), respectively. These values are appreciably lower than those obtained at 0.14 V vs SCE for Au/PBS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), Au/PBS+BSA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), and Au/PBS+P103 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). Considering that, at this polarization potential, the BSA protein is not being adsorbed, the results indicate that at 0.14 V vs SCE; the presence of either phosphate ions or P103 copolymer inside the interphase and their adsorption on the electrode is incipient, so the apparent thickness is low. This fact emphasizes that, at the OCP, the P103 and phosphate ions tend to be desorbed, which is in good agreement with the discussion presented in the previous section. Thus, *d*\* is sensitive to the adsorption--desorption and interaction of the studied adsorbates.

If the highest interaction between the phosphate ions and both the protein and the Pluronic is required, a more negative polarization potential than the OCP shall be applied to the substrate, as is stated in the previous section. According to the double-layer capacitance curves and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, a polarization potential between −0.5 and −0.6 V vs SCE is adequate to induce the interaction of P103 and BSA and its adsorption as a global species. As can be noted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d, in a polarization potential range from −0.5 to −0.6 V vs SCE, the interface acquires greater apparent thickness values of approximately 33, 27, and 24 pm at 25 (black line), 30 (blue line), and 40 °C (red line), respectively. These apparent thickness values are higher than those obtained at the OCP, which can be related to the adsorption of BSA and P103 polymer. Furthermore, according to the well-differentiated curve shape and the values obtained, the double-layer capacitance measurements and the calculation of the apparent interface thickness through [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is considered an adequate analytical method for sensing the protein--triblock polymer interactions.

It should be noted that, even when at −0.5 to −0.6 V vs SCE, the adsorption of phosphate ions is not favorable, the phosphate ion presence will influence the ionic strength, and then the interaction between BSA and P103 will clearly modify the structure of the BSA protein. It is well known that several structures are possible for the adsorption of pluronics^[@ref46]−[@ref50]^ and proteins.^[@ref5],[@ref51],[@ref52]^ These structures are dependent on the ionic strength of the medium,^[@ref53]^ which in our study is given by the phosphate ions.

Subsequently, it should be noted that the conformation and structure of the adsorbed global species strongly depends either on the critical micellar concentration (cmc) or temperature (cmt) of the P103 triblock polymer as well as the structural conformation of the protein. For the particular case of the H~2~O/P103 triblock polymer, accurate phase diagrams are already published,^[@ref46],[@ref47]^ and as a consequence, the microstructure formed by P103 is well known. However, these structures cannot be considered in this work because the buffer used has a different ionic strength that modifies the P103 physical properties, mainly its conformational structure. Furthermore, the adsorption of surfactants on surfaces could lead to the formation of adsorbed structures as admicelles or hemimicelles. The same consideration is valid for the conformations of BSA.^[@ref51]−[@ref53]^ Due to its nature as a natural polyelectrolyte, its structure strongly depends on the ionic strength of the buffer. Consequently, a new phase diagram using further techniques, such as rheological, optical, or dispersion, is required to obtain the microstructure and conformation of the global species adsorbed on the electrode.

3.4. Significance, Impact, and Possible Future Work {#sec3.4}
---------------------------------------------------

The development of biosensors, biomaterials, biochips, and modified nanoparticles for drug delivery, along with other technologically applied fields, requires a deep understanding of the biomolecule-modified substrate interactions and the implementation of an optimal analytical method to detect them in an accurate way.

Concerning the albumin proteins and triblock copolymer interactions, this work successfully demonstrates that using simple electrochemical techniques is viable. The electrostatic effect plays an important role in the mechanism of interaction and influences the adsorption between BSA and P103 copolymer, showing that at −0.6 V vs SCE, a strong interaction is reached. Obtaining optimal polarization ranges where the interaction is maximum is a key topic for biomaterials and self-organized film template development, as demonstrated in the studies presented by Palacio et al.,^[@ref54]^ Liu et al.,^[@ref55]^ Chang et al.,^[@ref56]^ and others.^[@ref57]^ Furthermore, by using electrochemical methods, the use of more sophisticated techniques, such as those used in,^[@ref54],[@ref55]^ namely, atomic force microscopy, small-angle X-ray, and other physical methods, is avoided.

On the other hand, the detection of albumin proteins is important due to its essential function in blood plasma. Colorimetry and fluorescence spectroscopy are techniques used for their detection; however, both have disadvantages in their estimation or selectivity.^[@ref23]^ Some selective albumin sensors have been designed; however, they have shown inconveniencies related to their complex fabrication, control, or cost. The molecularly imprinted electrochemical sensors using macromolecular templates^[@ref23],[@ref24]^ or those in which more sophisticated electrodes such as semiconductors^[@ref14]^ or coated-quartz crystal resonators^[@ref16],[@ref54]^ are used are representative examples of this type of sensor. According to our results, a conventional gold electrode immersed in P103 triblock copolymer solution is sensitive to the interactions and adsorption/desorption process of BSA, which is evidenced by well-defined changes in double-layer capacitance values or the behavior of the apparent interface thickness as a function of polarization potentials. In this way, the experimental setup and the double-layer capacitance measurements presented in this work are considered a possible analytical method to sense, in a simple way, the interactions between BSA and P103. However, validation of this method requires further research.

4. Conclusions {#sec4}
==============

A fundamental and analytical electrochemical adsorption study of PBS, BSA protein, and P103 triblock copolymer onto a gold electrode was conducted via EIS measurements and double-layer capacitance curves using a wide polarization range at three different temperatures. A detailed analysis of these curves allowed us to detect the interactions between PBS-BSA-P103 molecules.

From the obtained double-layer capacitance curves, it was possible to determine the PZC for each of the interfaces studied. A discussion concerning the polarization potential range in which the adsorption of each species studied is favorable is presented in detail. Furthermore, based on the simplest model of the electrochemical double-layer theory, the apparent interface thickness was obtained.

The results help provide understanding of the electrostatic effect during the interaction of PBS, BSA, and P103 in the interface. The focus was on the OCP, where the lowest double-layer apparent thickness values are obtained, showing that, at this polarization potential, the adsorption of BSA is electrostatically impeded while the desorption of phosphate ions and P103 copolymer begins.

The interaction of P103 and BSA and its adsorption is only favorable at more negative polarization potentials than the OCP. The optimal polarization potential is between −0.5 and −0.6 V vs SCE, where BSA and P103 are adsorbed as a global species, causing a higher apparent interface thickness of approximately 33, 27, and 24 pm at 25, 30, and 40 °C, respectively.

The acquisition of a particular conformation and structure of adsorbate PBS-BSA and P103, as a global species, requires further studies using other techniques, such as rheological, optical, or dispersive methods.
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